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The magnetic-field-induced strain ~MFIS! and the magnetocrystalline anisotropy in
Fe19.3Ni54.2Ga26.5 ferromagnetic shape memory alloy have been investigated in a single-variant state.
From the magnetization curves, the magnetocrystalline anisotropy constant K in the single crystal
Fe19.3Ni54.2Ga26.5 b8 martensite phase is estimated to be 1.83106 erg/cm3 at 5 K. In the
single-variant martensite phase, the reversible MFIS of 0.02% is observed, and the value of K is
reduced with increasing temperature. On the other hand, the magnitude of MFIS increases up to 100
K, and then decreases with increasing temperature. Finally, no MFIS is observed above 150 K. From
these data, the condition of K for the MFIS can be confirmed at low temperatures. © 2003
American Institute of Physics. @DOI: 10.1063/1.1632039#Recently, ferromagnetic shape memory alloys ~FSMAs!
attracted a great deal of attention as magnetostrictive
materials.1–8 A large magnetic-field-induced strain ~MFIS! of
the FSMA has been reported to be caused by the variant
rearrangement via the twin boundaries motion in the ferro-
magnetic martensite phase.1,9–12 The thermoelastic marten-
site phase consists of an assembly of variants arranged co-
herently with the parent crystal structure during the
martensitic transformation. In each variant, the magnetic mo-
ment M is directed to the magnetic easy axis in the magne-
tocrystalline anisotropy. In the strong magnetocrystalline an-
isotropy, the angle between M and the applied magnetic field
H is lowered by not only the independent rotation of M but
also the variant rearrangement so that both the directions of
M and the easy axis approach in the parallel direction of H .
To be precise, the appearance of the MFIS depends on the
Zeeman, magnetocrystalline anisotropy, and twin boundary
friction energies.
Recently, Fe–Ni–Ga alloy has been reported to exhibit a
martensitic transformation from the L21-Heusler structure in
the parent b phase to a seven-layer modulated ~14 M! struc-
ture and/or a five-layer modulated ~10 M! structure in the
martensite b8 phase in the ferromagnetic state,13,14 therefore,
this alloy system has drawn attention as a recent FSMA.15–17
Ni2MnGa alloy having the modulated layer structures such
as 10 and 14 M has low twinning stresses18 and a large
magnetocrystalline anisotropy,19 meeting the condition for
appearance of a large MFIS. The Fe–Ni–Ga alloy also has
such seven-layer and/or five-layer modulated layer
structures14 and a large magnetocrystalline anisotropy in the
martensite phase.16 Therefore, the existence of low stresses
to move the twin boundaries and a potential to show a large
MFIS is expected in the alloy. In the present paper, taking
account of the temperature dependence of the magnetocrys-
talline anisotropy, the MFIS of Fe–Ni–Ga single-variant b8
phase has been investigated in a wide temperature range.
A single crystal Fe19.3Ni54.2Ga26.5 alloy, which has both
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the Curie temperature TC above room temperature, was
grown by an optical floating-zone method under a helium gas
atmosphere. The single crystal having the B2 phase was an-
nealed at 1453 K for 24 h to homogenize and followed by
quenching in ice water. To obtain the L21 ordered phase, the
homogenized specimen was heat-treated at 1073 K for 1 h,
and then slowly furnace cooled. Since the martensitic trans-
formation starting temperature M s of the B2 specimen is
below room temperature, its crystallographic orientations
were determined by electron backscattering diffraction pat-
tern before heat treatment. The plate-like sample in the par-
ent phase was trimmed so that the @010#P ~P: Parent! and
@1¯01#P directions were parallel and the @101#P direction was
perpendicular to the faces. The magnetization was measured
with a superconducting quantum interference device magne-
tometer in magnetic fields up to 25 kOe.
The relative length change DL/L parallel to the applied
magnetic field direction was measured by a three-thermal
capacitance method. In order to obtain the single-variant
state, the uniaxial compressive stress was applied to the
@010#P direction in the martensite phase. To confirm the re-
arrangement of the variants, the stress-strain curve was mea-
sured at room temperature. After applying uniaxial compres-
sive stress, the strain of 6.5% remained. This value
corresponds to the difference in the lattice constant between
the @010#M ~M: Martensite! in the martensite phase and the
@010#P in the parent phase. Moreover, it was confirmed by
optical micrograpy that the surface relief structure in the
multivariant state is completely extinguished after applying
uniaxial compressive stress. These results indicate that the
stress facilitates the growth of the specific oriented variants,
resulting in a single-variant state in the martensite phase of
the present specimen. The transformation temperatures M s ,
M f , and TC of the Fe19.3Ni54.2Ga26.5 alloy were determined to
be M s5320 K, M f5305 K, and TC5310 K, respectively,
from both the thermomagnetization curves and differential
scanning calorimetric data.
The magnetocrystalline anisotropy at 5 K was deter-
mined for the Fe19.3Ni54.2Ga26.5 alloy in the single-variant3 © 2003 American Institute of Physics
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along the @010#P , @101#P , and @1¯01#P directions. The mea-
sured M -H curves are shown in Fig. 1. The M -H curve for
the @1¯01#P direction is easily saturated, while the curves for
the compressed @010#P and @101#P directions are hardly satu-
rated below 15 kOe. These results indicate that the short-axis
of the unit cell in the martensite phase is the hard-axis, while
the long-axis is the easy-axis. After correcting the demagne-
tizing field, the magnetocrystalline anisotropy constant K is
evaluated from the M -H curves in Fig. 1 as the area cross
section between the easiest curve along @1¯01#P and the hard-
est curve along @101#P directions. The value of K is evalu-
ated to be 1.83106 erg/cm3 at 5 K. In comparison with the
value K51.63106 (erg/cm3) of Fe22.0Ni51.5Ga26.5 alloy,16
the present value of the Fe19.3Ni54.2Ga26.5 martensite phase is
relatively large. As shown in Fig. 1, the M -H curve along the
@010#P direction is accompanied by a small hysteresis which
is not observed along the other two directions, suggesting the
possibility of the rearrangement of variants.
Shown in Fig. 2 is the DL/L-H curves in the @010#P
direction at 5 K, where the hysteresis is observed in the M -H
curve in Fig. 1. On applying magnetic field, a shrinkage of
the specimen is first observed and the value of DL/L reaches
about 215031026 at H56 kOe, whereas the DL/L in the
measured direction increases above 6 kOe. This two-step be-
havior is also observed in the Co–Ni–Al alloy,7 which would
be related to the magnetic domain wall displacement and the
magnetization rotation.
To obtain the well-defined relation between the magnetic
domain and the twin variant, the vector measurement of
magnetization was carried out. The longitudinal magnetiza-
tion M i and the transverse magnetization M’ were measured
by applying magnetic field H along the @010#P direction. As
shown in Fig. 3, M’ rises to make a peak and then falls
downright, while M i is gradually increased and saturated.
From the magnetization curves, the value of
AM i21M’2 /M sat , where M sat is the saturation magnetization,
becomes constant above 6 kOe. With increasing magnetic
FIG. 1. Magnetization curves along the compressive direction @010#P and
the transverse directions of @101#P and @1¯01#P for Fe19.3Ni54.2Ga26.5 alloy in
the single-variant martensite phase.Downloaded 15 Jul 2008 to 130.34.135.158. Redistribution subject tofield, the magnetic domain walls displace and the volume of
the domain magnetized parallel to H increases, and then an
equal volume of the domain magnetized opposite to H de-
creases, resulting in the increase of magnetization. Finally,
the change in M above H56 kOe is accomplished by the
coherent rotation. The first shrinkage is associated with the
linear magnetostriction due to the magnetic domain wall dis-
placement, and the expansion is correlated with the rear-
rangement of the variants due to the rotation of magnetiza-
tions.
Figure 4 shows the temperature dependence for the mag-
nitude of the maximum MFIS uDL/Lumax in a magnetic field
of 55 kOe. With increasing temperature, uDL/Lumax increases
and shows the largest value of 18031026 at 100 K, and then
steeply decreases above 150 K. The inset in Fig. 4 shows the
temperature dependence of the magnetocrystalline anisot-
ropy constant K and the saturation magnetization M sat . As
the temperature increases, both K and M sat decrease near
FIG. 2. Relative length change DL/L at 5 K measured parallel to the direc-
tion of magnetic field H , applying along the @010#P direction in the single-
variant specimen.
FIG. 3. Vector magnetization curves along the @010#P at 5 K for
Fe19.3Ni54.2Ga26.5 alloy in the single-variant martensite phase. AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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with that of M sat . The temperature dependence of the anisot-
ropy constant K at low temperatures can be described by
K~T !/K~0 !5@M ~T !/M ~0 !#3.
The validity of this equation has been reported for the
Ni2MnGa martensite phase,20 but the present
Fe19.3Ni54.2Ga26.5 martensite phase does not follow this ex-
pression. The value of K in the martensite is influenced by
the crystal structure, in particular, the lattice constant ratio,21
and hence we should pay much attention to the lattice con-
stant ratio for the study of the crystal structure in the mar-
tensite phase.
The values of uDL/Lumax and K are different from each
other in the temperature dependence. With increasing tem-
perature, K continuously decreases, while uDL/Lumax in-
creases in the temperature range up to 100 K. At low tem-
peratures, K is so sufficiently strong that M in the
unfavorably oriented variants cannot rotate to the H direc-
tion, the Zeeman energy is reduced by twin boundaries mo-
tion, accompanied by large strains. For the martensite phase
with a weak anisotropy, the variants remain but H rotates the
M directions without moving twin boundaries with large
strains.12 These results indicate that the MFIS caused by the
rearrangement of variants in the single-variant martensite
phase of Fe19.3Ni54.2Ga26.5 is observed above the critical
value of K of about 106 erg/cm3 even at low temperatures,
following the model proposed by O’Handley.12 The value of
uDL/Lumax is effected by the value of K as well as the mo-
bility of the twin boundaries. A large MFIS is observed be-
low M f in Ni2MnGa alloys due to balance between K and
the mobility of the twin boundaries.22 In the Fe–Ni–Ga alloy
system, however, a sufficiently large K should be kept up to
FIG. 4. Temperature dependence of the maximum of the magnetic-field-
induced strain ~MFIS! for Fe19.3Ni54.2Ga26.5 alloy in the single-variant mar-
tensite phase. The arrow indicates the Curie temperature TC . The inset
shows the temperature dependence of the magnetocrystalline anisotropy
constant K and the saturation magnetization M sat .Downloaded 15 Jul 2008 to 130.34.135.158. Redistribution subject tohigh temperatures to obtain a large value of MFIS, because
the mobility of twin boundaries becomes high with increas-
ing temperature, in particular, near M f . Consequently, the
increase of TC would preserve a high value of K up to high
temperatures. Furthermore, the increase of the lattice con-
stant ratio in the martensite phase would also bring about a
high value of K .
In conclusion, the magnetocrystalline anisotropy energy
in the single crystal Fe19.3Ni54.2Ga26.5 b8 martensite phase is
estimated to be 1.83106 erg/cm3. In the single-variant state,
the observed magnitude of the reversible MFIS is 0.02% at 5
K. With increasing temperature, the value of the magneto-
crystalline anisotropy constant K is reduced, but the magni-
tude of MFIS slightly increases, and yet no MFIS is observed
above 150 K. From these data, it is confirmed that the MFIS
is observed above the critical value of K , consistent with the
model proposed by O’Handley.12 Consequently, in order to
obtain a high critical value of K at high temperatures, say
room temperature, we should increase the Curie temperature
and the lattice constant ratio in the Fe–Ni–Ga alloy system.
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